ABSTRACT Over the last decade, small (often noncoding) RNA molecules have been discovered as important regulators influencing myriad aspects of bacterial physiology and virulence. In particular, small RNAs (sRNAs) have been implicated in control of both primary and secondary metabolic pathways in many bacterial species. This chapter describes characteristics of the major classes of sRNA regulators, and highlights what is known regarding their mechanisms of action. Specific examples of sRNAs that regulate metabolism in gram-negative bacteria are discussed, with a focus on those that regulate gene expression by base pairing with mRNA targets to control their translation and stability.
MECHANISMS OF REGULATION BY SRNAS
Base-Pairing-Dependent sRNA Regulation Characteristics of base-pairing sRNA regulation A diverse palette of novel small regulatory RNAs (sRNAs) has been identified in bacteria in recent years, and many play important roles in regulating gene expression and adaptation to constantly changing physiological and metabolic needs. To date, more than a hundred sRNAs have been identified and characterized in gram-negative bacteria, with crucial and sometimes global regulatory functions that can easily rival protein regulators. The most studied and widely dispersed class of sRNAs in gram-negative bacteria act post-transcriptionally by base pairing to target mRNAs in order to effect positive or negative regulatory outcomes.
Base-pairing sRNAs are broadly assigned into two main groups based on their location on the chromosome relative to the genes they regulate. sRNAs encoded at loci distinct from their regulated genes are said to be trans-encoded, and are characterized by limited and imperfect base pairing interactions with the transcripts they target. Trans-encoded sRNAs are usually 50 nucleotides (nt) to 300 nt long and are expressed in response to specific physiological, metabolic, and/or stress signals such as iron limitation (1), sugar-phosphate overload (2) , oxidative stress (3), growth-phase transition (4), anaerobiasis (5) and many others (6) (7) (8) . sRNAs encoded on the DNA strand directly opposite their targets (antisense) are known as cis-encoded sRNAs and share a region of perfect complementarity with the genes they regulate. Cis-encoded sRNAs vary greatly in size, ranging from 100 nt to 7000 nt in length (9) (10) (11) (12) (13) (14) . Cisencoded sRNAs on plasmids, phages, and transposons were among the first regulatory RNAs identified. Later, sRNAs encoded in cis were found on the chromosomes of many bacteria. Several of them are encoded antisense to transposase genes and inhibit transposition when expressed (11, (15) (16) (17) (18) . Other cis-encoded sRNAs act as antitoxins, regulating expression of small, hydrophobic proteins are toxic to bacterial cells if they accumulate to high levels (10, 19, 20) . Together, trans-and cis-encoded sRNAs are now known to regulate countless mRNA targets and to play a role in most global regulatory responses in bacteria.
Both trans-and cis-encoded sRNAs base pair with target mRNAs and regulate their expression at the level of translation and/or mRNA stability (6, 21) . sRNAmRNA complex formation often involves rearrangements of the secondary structure of each individual interacting RNA molecule (6) . For trans-encoded sRNAs, RNA stability and secondary structure rearrangements that allow annealing with mRNA targets often depend on a conserved and abundant RNA chaperone Hfq, described in more detail below. In contrast, cis-encoded sRNAs usually do not rely on Hfq for stability or to facilitate base pairing, potentially due to their extensive complementarity with their target transcripts.
Mechanisms of activation by base pairing sRNAs
Post-transcriptional activation of gene expression by sRNAs is achieved via stimulation of translation or stabilization of the target transcript. Leader sequences in the 5′ untranslated regions (UTRs) of some mRNAs form secondary structures that occlude ribosome binding sites (RBS) or translational enhancer elements. The binding of sRNAs to complementary sequences within such 5′ UTRs can prevent formation of the translationinhibitory structure and allow enhanced translation of the mRNA (22) (23) (24) . Post-transcriptional regulation of the stationary phase sigma factor (σ S ), encoded by rpoS, is the paradigm for positive regulation by sRNAs in enteric bacteria, such as E. coli. Three Hfq-dependent sRNAs, DsrA, RprA, and ArcZ, activate translation of rpoS under conditions of low-temperature, osmotic shock, and aerobic stationary phase growth, respectively (25) (26) (27) . The long 5′ UTR of rpoS mRNA folds into a stem-loop structure that inhibits translation of the message (28, 29) . Each of the three sRNAs can base pair with sequences in the rpoS 5′ UTR to prevent formation of the inhibitory hairpin structure and allow ribosomes to access the RBS (25-27, 30, 31) .
Recently, examples of translation-independent activation of gene expression by sRNAs have been reported. In these cases, the sRNA does not directly stimulate translation, but rather stabilizes the mRNA (32) (33) (34) . For example, the sRNA SgrS, the master regulator of the glucose-phosphate stress response, stabilizes yigL mRNA, coding for a haloacid dehalogenase (HAD)-like sugar phosphatase (33, 35) . A dicistronic mRNA, pldB-yigL is processed by RNase E, cleaving the transcript within the pldB coding sequence (∼200 nt upstream of yigL start codon). In the absence of SgrS, processed fragments are further degraded. When present, SgrS base pairs at a site downstream of the processing site (within the 3′ region of pldB) and prevents further RNase-E-mediated degradation, thus stabilizing the 'pldB-yigL mRNA. In essence, SgrS competes with RNase E and stabilizes the yigL mRNA, allowing more rounds of translation and increased production of YigL protein (33) . Another sRNA, RydC, post-transcriptionally activates cfa, a gene encoding cyclopropane fatty acid synthase, by a similar mechanism. RydC stabilizes cfa mRNA by interfering with the RNase E-dependent degradation (34) . It is likely that even more examples of stability-dependent activation by sRNAs will be emerging because ribonucleolytic decay can be readily interfered with through sRNAmediated occlusion of processing sites recognized by various endoribonucleases.
Mechanisms of repression by base-pairing sRNAs
Negative regulation of gene expression by sRNAs is highly prevalent in bacteria and has been well documented. The canonical mechanism of repression involves sRNA interference with translation initiation of the target mRNA. The translation initiation region (TIR) of the mRNA may consist of several cis-elements important for translation, namely the RBS (36), translation enhancer element (37, 38) , ribosome standby site (39) and leader open reading frame (ORF) (40) , any of which may be targeted for inhibition by sRNAs.
Many sRNAs base pair within the leader sequence (5′ UTR) of the mRNA target and inhibit translation by blocking the RBS. Established boundaries of the ribosome footprint are 15 nt upstream and 20 nt downstream of the start codon (41, 42) , and sRNA pairing within this region results in inhibition of translation initiation. For example, the sRNA SgrS, which will be described in more detail below, regulates ptsG mRNA by pairing at the RBS and blocking ribosome access, successfully inhibiting synthesis of the PtsG protein (36) . However, sRNAs binding outside of this region have been reported to inhibit translation in Escherichia coli and Salmonella (37, 39, 43, 44) . RBS occlusion can occur via sRNA binding at a distance via the Hfq protein (45) . Alternatively, some sRNAs target enhancer elements to reduce translation initiation (46) . The best-characterized example of this is the sRNA GcvB (discussed more below), which inhibits translation of several mRNAs by base pairing upstream of the RBS, at C/A-rich regions that were shown to enhance translation (37, 38) . Repression by sRNA occlusion of other elements in the translation initiation region, such as putative ribosome standby sites (39) or leader ORFs (47), are not well characterized, but have been described as mechanisms of post-transcriptional control (46) .
Although translation inhibition alone is often sufficient to achieve gene silencing (36) , the sRNA-mRNA duplexes formed to cause translational repression are also typically targeted for degradation (48) (49) (50) . Few cases are known where sRNA acts solely by either translational repression (51) or by directly promoting degradation (52) . In E. coli and related organisms, duplex decay is mediated by recruiting the endoribonuclease RNase E, a major component of the degradosome often involved in trans-encoded sRNA-mediated regulation (12, (48) (49) (50) or RNase III, an endoribonuclease that recognizes double-stranded RNA as substrate for processing (53, 54) . Together, translation inhibition and duplex destabilization provide an effective and irreversible system for post-transcriptional repression of gene expression in bacteria.
Transcription inhibition by cis-encoded sRNAs
Transcriptional regulation by cis-encoded sRNAs can occur via transcription interference or attenuation. Transcription interference takes place when transcription from one gene is inhibited by transcription from the cis-encoded, convergently oriented gene on the opposite strand. In contrast to post-transcriptional regulatory mechanisms and transcription attenuation, transcription interference does not require direct interaction between the sRNA and a cognate mRNA. Rather, premature termination of transcription can occur when convergently replicating RNA polymerases collide, resulting in dissociation, backtracking, or stalling of one or both polymerase complexes (55, 56) . Mathematical models predict additional mechanisms of interference where elongating RNA polymerase can collide with a separate polymerase open complex at the sensitive promoter and prevent it from proceeding to elongation (57) , or where the promoter of one gene is blocked by the pausing of the polymerase bound to the gene on the opposite strand (58) . A transcription interference mechanism has been suggested for the sRNA-encoded antisense to the ubiG-mccBA operon involved in methionine to cysteine conversion in Clostridium acetobutylicum (59) . Transcription attenuation, on the other hand, requires base pairing between the sRNA and an mRNA target. Attenuation occurs when the sRNA binds to the elongating mRNA and induces secondary structural rearrangements that inhibit the formation of an antiterminator structure and favor the formation of a terminator hairpin (60, 61) . In Vibrio anguillarum species, a non-coding sRNA RNAβ interferes with transcription of angR by pairing within the intergenic region of fatA-angR mRNA, which results in premature transcription termination (60) .
Base-Pairing-Independent sRNA Regulation Protein-binding sRNAs While the vast majority of characterized sRNAs utilize base pairing as the means of regulating gene expression, a few sRNAs are known to bind and modulate protein activity. A subset of these sRNAs modifies activity and abundance of the proteins that bind nucleic acid substrates by mimicking structures of their cognate targets. A well-characterized example of this category of sRNAs is 6S RNA, and it is highly conserved in a wide variety of bacteria, including gram-negative bacteria like E. coli, Pseudomonas aeruginosa and Haemophilus influenzae (62, 63) . E. coli 6S RNA preferentially binds and inhibits RNA polymerase holoenzyme containing the housekeeping sigma factor, σ 70 (62, 64) . In 6S RNA, there is a highly conserved secondary structure that consists of a double-stranded RNA hairpin with a bubble that resembles the open complex of DNA promoters. This mimicry enables 6S RNA to fit into the active site of the RNA polymerase, preventing it from initiating transcription (63) . Expression of 6S RNA increases in the stationary phase of growth and is highest in late-stationary phase, when it inhibits transcription from a subset of σ 70 promoters (62, (65) (66) (67) . While 6S RNA sequesters σ 70 and inhibits expression from some σ
70
-dependent promoters, expression of the alternative sigma factor σ S is upregulated and induces transcription of genes necessary for stationary phase growth (65) . In this way, 6S RNA is thought to help mediate a switch in sigma factor usage in late stationary phase.
Another class of protein-binding sRNAs is exemplified by transfer-messenger RNA (tmRNA) involved in trans-translation, a mechanism to rescue stalled ribosomes in bacteria (68, 69) . Defective mRNAs that lack the termination signals allowing ribosome release cause stalling of the ribosomes and results in a general loss of translational efficiency, and accumulation of aberrant mRNA and nascent peptides (70, 71) . The tmRNA can be charged with alanine and contains a short mRNA reading frame (72) (73) (74) . tmRNA enters the ribosomal Asite on stalled ribosomes, and translation then proceeds using the tmRNA as a template. Translation terminates at the tmRNA-encoded stop codon, and the defective mRNA and "tagged" polypeptide are released from the ribosome. The tagged polypeptide is targeted for degradation and the ribosome is free to participate in further rounds of translation (68) (69) (70) 75 ). Yet another distinct class of protein-binding RNAs includes two sRNAs, CsrB and CsrC, found in E. coli and related bacteria (76) . These sRNAs act by binding to and sequestering the translational regulator CsrA, which regulates a large number of genes related to carbon storage and metabolism (77) . The CsrB/C family of sRNAs will be discussed in more detail below. These select examples provide just a glimpse into the variety of mechanisms by which bacterial sRNAs can modulate activity, sequester, or provide structural scaffolding to target proteins. It is conceivable that a much greater variety exists and will be uncovered by further searches for novel protein-binding sRNAs.
Protein Factors Globally Involved in sRNA Regulation
Hfq: A major facilitator of sRNA regulation
As previously mentioned, Hfq is a widely conserved and highly abundant (reported estimates vary from ∼400 (78) to 10,000 (79, 80) copies per E. coli cell) RNA chaperone protein involved in regulation by sRNAs in bacteria (81) . Hfq (host factor for Qβ) was first identified as a bacterial host factor involved in the replication of the Qβ phage in E. coli (82) . It binds the 3′ end of the viral plus-strand RNA and is required for minus-strand synthesis by Qβ replicase (83) . A much broader function for Hfq was recognized when its inactivation in E. coli and Salmonella resulted in pleiotropic growth and virulence phenotypes (84) (85) (86) , in addition to a general deregulation of ∼20% of Salmonella genome (87) . Of interest was that E. coli hfq mutants adjusted poorly to environmental stresses such as stationary phase growth, osmotic imbalance, oxidation and others (88) (89) (90) . These defective stress phenotypes were later found to be due to Hfq's vital role in the sRNA regulatory network responding to a variety of stresses and growth conditions. Hfq regulates its own expression at the posttranscriptional level by binding within the hfq mRNA leader sequence, which interferes with translation initiation (91) . This phenomenon is particularly of note because normally sRNAs associated with Hfq determine the specificity of regulation; in this case, Hfq seems to act alone to alter translation of hfq mRNA. Hfq may in fact act alone on a number of other mRNA targets as evidenced by a recent study showing that Hfq binds and inhibits translation of cirA mRNA, encoding a siderophore transporter (and colicin Ia receptor), in the absence of an sRNA (92) .
A great deal has been learned about the function of Hfq by studying its structure. Hfq is a member of the Sm-like (LSm) protein family, which is conserved in all domains of life. A distinct protein fold called "LSmdomain" and the ability to interact with nucleic acids characterize proteins in this family. The LSm-domain structure is partially conserved in bacterial Hfq monomers and consists of five antiparallel β-strands forming a β-sheet, with an α-helix stacked on top (93) . Hfq monomers in E. coli and related species assemble into homohexameric rings. Both forms likely exist in equilibrium within the cell, with hexamers being most active in RNA binding and annealing (94) . In E. coli, the Hfq ring contains sRNA-binding sites on the so-called proximal (side of the ring and inner rim of the central cavity containing α-helixes) and lateral (outer rim of the ring) faces, and an mRNA-binding region on the distal (surface opposite to the proximal side containing β-sheets) face of the ring (95-99). Hfq was shown to preferentially recognize a common sRNA structure: an A/U rich sequence followed by a Rho-independent terminator hairpin and a 3′ poly-U tail (100) (101) (102) . Similarly, an Hfq-binding element called the (ARN) x motif (where A is adenine, R is a purine, and N is any nucleotide) is found in the leader sequences of many sRNA-regulated mRNAs. It consists of an A-rich sequence flanked by highly structured regions shown to specifically interact with Hfq. Recognition of (ARN) xcontaining mRNAs occurs through an A-R-E motif (where A is the adenosine specificity site, R is the purine selectivity site, and E is the non-discriminatory entrance/ exit site) present on each Hfq monomer. A total of six A-R-E motifs in the Hfq hexamer allow simultaneous binding of up to six ARN repeats (95, (103) (104) (105) . Functionally, Hfq binds and protects sRNAs from nucleolytic decay (51, 106) and facilitates their base pairing to target mRNAs (51, 107) . Binding of Hfq to both sRNA and mRNA increases their local concentrations, stimulates structural remodeling to facilitate pairing, and increases annealing rates of cognate pairs (108) (109) (110) (111) . While Hfq is quite abundant, several recent studies have demonstrated that there is competition among sRNAs for binding of Hfq (112) (113) (114) . Since many sRNAs compete for binding, the structure of Hfq is highly optimized to allow for cooperative binding of several RNA molecules. In addition, a rapid RNA dissociation rate aids in the cycling of many different combinations of sRNAs and mRNAs in order to maximize chances of a productive interaction (112) . While such features provide for robust regulatory response, it was recently shown that abnormally high levels of one sRNA could effectively disrupt signaling through other sRNAs in vivo (113) . Overexpression of one sRNA decreases stability and accumulation of other sRNAs, as well as reduces their binding to Hfq, which causes perturbations in the regulation of target mRNAs and changes the outcome of gene regulation in the cell (114) . While competition between sRNAs for Hfq binding is concentration dependent (108) , different sRNAs compete with different efficiencies (114) , likely determined by the intrinsic properties of each sRNA, further complicating RNA regulatory networks and their study.
In addition to binding RNAs, Hfq is also known to directly interact with a number of protein factors such as RNA polymerase (115) , Rho factor (116), poly-A polymerase I (117), RNase E (118) and PNPase (119, 120) . Of particular interest are Hfq associations with the components of the degradosome: RNase E and PNPase, and the role of Hfq in recruiting these proteins during sRNA-mediated regulation of target transcripts (121) . Hfq likely serves as a scaffold for sRNA-mRNA interactions and a platform for recruiting protein factors important for a robust regulatory outcome.
RNase E and the RNA degradosome in sRNA-mediated target decay Many base-pairing sRNAs modulate stability of their mRNA targets by recruiting ribonucleases to the duplex. RNase E is a single-strand-specific endoribonuclease involved in the regulatory mechanisms of trans-encoded sRNAs (48) (49) (50) , and also plays important roles in RNA processing and bulk mRNA turnover in E. coli and related organisms (122, 123) . The active enzyme is a homotetramer composed of catalytic, RNA binding and protein binding domains. The C-terminal proteinbinding domain of RNase E serves as a scaffold on which other components, namely polynucleotide phosphorylase (PNPase), RNase helicase B (RhlB), and the glycolytic enzyme enolase, assemble to form a large RNA degrading complex called the degradosome (123) . Importantly, the catalytic domain and C-terminal scaffold domain are both necessary for sRNA-targeted mRNA degradation.
Hfq interacts with RNase E in a large ribonucleoprotein complex. Exposed A/U-rich single-stranded RNA regions are preferentially recognized by RNase E, which is stimulated by the 5′-terminal monophosphate of the sRNA to cleave its RNA substrates (12, 53, 122, 124, 125) . Regulatory sRNAs might stimulate degradation of their target mRNAs by promoting structural remodeling that exposes A/U-rich recognition sequences and/or by providing a 5′-teminal monophosphate for to stimulate RNase E-mediated cleavage. Although not experimentally demonstrated, helicase (RhlB) associated with the degradosome might facilitate unwinding of the sRNA-mRNA duplex or clearing the secondary structure that occludes RNase E recognition sequences. Additionally, sRNA-mediated translation inhibition of mRNAs frees these mRNAs from ribosomes, which otherwise protect mRNAs from RNase E-mediated cleavage (126) (127) (128) (129) .
A novel ribonuclease, YbeY, and its potential role in sRNA regulation
YbeY is a novel bacterial exoribonuclease that was recently implicated in regulation by sRNAs. The ybeY gene is highly conserved and found in nearly every sequenced bacterial species (130, 131) . YbeY is a 17-kDa exoribonuclease that bears a close resemblance to eukaryotic Argonaute (AGO) proteins, which are principal components of the RNA-induced silencing complex (132, 133) . YbeY specifically binds single-stranded RNA and together with other ribonucleases like RNase R and PNPase, it mediates processing required for the maturation of rRNAs (131, 134) . YbeY also functions in controlling the quality of the 70S subunit after it has been assembled, to prevent protein mistranslation (133) .
An alternative and less understood function of YbeY is in sRNA-mediated regulation. Gram-negative Sinorhizobium meliloti ybeY mutants exhibit a pleiotropic phenotype of poor growth under a variety of stress conditions, very similar to S. meliloti hfq mutants (135) . Moreover, altered levels of at least nine sRNAs and their respective target mRNAs was seen in both S. meliloti ybeY and hfq mutants (135) . Studies performed in E. coli suggest that YbeY modulates levels of many sRNAs and their cognate targets under certain stress conditions, independent of sRNA requirements for Hfq (136) . Another recent study demonstrated that YbeY, besides its role in rRNA maturation, also affects regulation of virulence and stress response-associated sRNAs in Vibrio cholerae (131) . Taken together, these studies suggest that YbeY plays a general and important role in sRNA regulatory processes. However, current understanding of the basis for regulation by this novel RNase is limited, and additional research efforts are needed.
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REGULATION OF PRIMARY METABOLISM BY SRNAS sRNAs Regulating Carbon Transport and Metabolism
SgrS and the response to sugar-phosphate accumulation in Escherichia coli and Salmonella enterica serovar Typhimurium
The Hfq-binding sRNA SgrS operates at the interface of carbon metabolism and stress. It is indispensable for regulating the response of E. coli to metabolic stress caused by sugar-phosphates (like glucose-6-phosphate [G6P]), which inhibit growth through an unknown mechanism when they accumulate to high intracellular levels (137) . This accumulation prompts the transcription factor SgrR (2, 138-141) to activate sgrS transcription. Both sgrR and sgrS are crucial for recovery from glucose-phosphate stress, as demonstrated by the fact that E. coli sgrR and sgrS mutant growth is severely inhibited (compared to wild-type cell growth) during stress (36, 141) .
Along with Spot 42 and RyhB (both described below), molecular mechanisms of regulation by SgrS are perhaps the best characterized among sRNAs that regulate metabolism. It has been known for nearly a decade that SgrS rescues cell growth under stress conditions by preventing accumulation of sugar-phosphates. SgrS acts in large part by negatively regulating ptsG, which encodes the major glucose phosphoenolpyruvate phosphotransferase system (PTS) transporter EIICB Glc . SgrS acts at a post-transcriptional level by specifically base pairing with ptsG mRNA, blocking the RBS and inhibiting translation (36, 141, 142) . The ptsG-SgrS complex is subsequently degraded by the RNase E degradosome (36, 50, 142) , though degradation is not required for regulation of ptsG. In addition to inhibiting translation of ptsG, SgrS is one of a small number of sRNAs that also encodes a small protein, SgrT, with a complementary role in the response to glucose-phosphate stress. While the exact mechanism has yet to be characterized, SgrT is known to act at the level of protein activity, inhibiting further EIICB Glc -mediated uptake of sugarphosphates (143) .
While inhibition of EIICB Glc synthesis and activity has long seemed the primary raison d'être of the SgrR/ST stress response, in recent years it has become clear that SgrR/S regulation of additional targets is also important. For example, SgrS negatively regulates expression of a second PTS transporter, EIIABCD Man , which is encoded by manXYZ and transports sugars including mannose and glucose. SgrS exhibits a novel binding mechanism for manXYZ, distinct from that of ptsG. One SgrS binding site on manXYZ mRNA is within the manX coding region, not at the RBS (144) . Further work identified a second, distinct binding site in the intergenic region between manX and manY that is required to fully inhibit translation of manY and manZ (translation of the latter two genes is coupled) (145) . While binding at each site individually is sufficient for translational repression of the corresponding coding sequence, binding at both sites is required for SgrS-mediated degradation of manXYZ mRNA (145) . Even more recently, the first positively regulated target of SgrS was identified: yigL, which encodes a sugar-phosphatase that dephosphorylates accumulated sugar-phosphates so that sugars can be pumped out of cells (33) . YigL plays a role in recovery from stress, as yigL mutants are defective in growth during stress (33) . SgrS acts by a novel mechanism on this third target: it stabilizes the yigL transcript by preventing its degradation via RNase E (33). Intriguingly, yigL is necessary for full virulence of the enteric insect pathogen Xenorhabdus nematophila (146) , and yigL and/or other players in the glucose-phosphate stress response could promote the pathogenesis of other gramnegative bacteria. For example, in Salmonella Typhimurium, SgrS inhibits translation of sopD mRNA (147), which encodes a secreted effector protein required for full virulence (148) . This regulation is exceptionally specific, as the highly similar sopD2 virulence effector, also required for virulence, is not regulated by SgrS due to a sequence difference in a single base pair (147) .
In addition to genes regulated by SgrS during the glucose-phosphate stress response, SgrR regulates transcription of additional genes, two of which have been described (2, 149) . The first, setA, encodes an efflux pump that can transport a wide array of sugars (150) . While setA contributes to rescue of growth during stress, it has been shown that it is not a major efflux transporter of glucose during stress; rather, SetA is speculated to carry out efflux of other, uncharacterized metabolites that contribute to stress (149) . The second SgrR target, alaC (formerly yfdZ), encodes a glutamic-pyruvic transaminase that contributes to alanine synthesis (151) . While no function for AlaC in glucose-phosphate stress has been established, it can lead to production of pyruvate (151), which could conceivably affect glycolytic metabolism during stress (2, 152) . Moreover, genomic analyses (Balasubramanian, Bobrovskyy, Richards, and Vanderpool, unpublished data) suggest additional regulatory targets of SgrR and SgrS may be involved in central carbon, amino acid, and phosphate metabolism. Suggestions of broader metabolic roles for the glucose-phosphate stress response are supported by the recent finding that induction of the phosphate starvation (Pho) regulon can partially rescue the growth defects of sgrS and sgrR mutants during glucose-phosphate stress (153) . Another recent study found that growth defects during stress are worse in nutrient-poor minimal media than in rich media, and SgrS regulation of different targets is required. In minimal media, regulation of additional targets (beyond those required in rich media) is required to rescue cells from stress, and addition of amino acids can improve the growth of an sgrS mutant during stress. (154) .
Intriguingly, bioinformatics and genetic studies have revealed that the protein and RNA components of the glucose-phosphate stress response are not uniformly distributed across different species of enterics, or even among strains of E. coli. For example, based on bioinformatics analysis, some species like S. Typhimurium and Klebsiella pneumoniae have both sgrS and sgrT, while in others like Yersinia pestis and Photorhabdus luminescens, sgrT was absent (155) . Likewise, E. coli strains K12 and CFT073 possess both sgrS and sgrT, while O157:H7 has only sgrS, suggesting variations in the regulatory response to glucose-phosphate stress based on the two sgrS functions (base pairing with mRNAs and producing SgrT) (155). These differences have been shown to have some physiological relevance: when expressed ectopically, sgrS homologs from E. coli and Y. pestis require SgrS base pairing activity to rescue growth of an E. coli mutant during stress. On the other hand, base pairing-deficient sgrS homologs of K. pneumoniae, Pectobacterium carotovora, and S. Typhimurium could all rescue growth when only SgrT was functional (156) . The coordination of these two distinct functions has been most extensively studied in S. Typhimurium, where it appears the base pairing and SgrT production functions of SgrS may have a prioritized hierarchy. Mutant alleles of sgrS that did not produce SgrT performed base-pairing-dependent regulation of ptsG mRNA similarly to wild-type SgrS (157) . In contrast, mutations in the base pairing region of SgrS led to an increase in SgrT production (as measured by Western blotting with an anti-SgrT antibody) (157) . Moreover, whereas SgrS is produced immediately on induction of stress (141, 157) , SgrT levels did not increase until later (∼40 minutes after induction). Taken together, these results suggest that in S. Typhimurium, SgrS-mediated inhibition of ptsG mRNA translation is the immediate mediator of glucose-phosphate stress rescue, with SgrT inhibition of EIICB Glc activity playing a supporting role later in the stress response (157) .
Despite the well-characterized mechanisms of SgrS regulation of mRNA targets, the metabolic cause of stress, and therefore the biological role of the stress response, is not entirely understood. In other words, it is not inherently clear why the accumulation of sugarphosphates is stressful to the cell. In the laboratory, stress is induced artificially in one of two ways: first, by addition of glucose analogs like α-methyl glucoside (αMG), which is transported by EIICB Glc and accumulates as α-methyl glucoside-6-phosphate (αMG6P) because it cannot be metabolized (141); second, by introducing mutations that block glycolysis (such as pgi, which encodes phosphoglucose isomerase), resulting in accumulation of G6P (158, 159) . Both methods result not only in accumulation of sugar-phosphates, but occur as a consequence of inhibiting the glycolytic pathway. Therefore, it has been posited that stress could be due either to toxicity resulting from high levels of sugarphosphates (36, 159) or to depletion of glycolytic or other related metabolic intermediates (152) .
Current evidence most strongly supports a role of metabolic depletion as the cause of stress (158) (159) (160) , although the two causes are not necessarily mutually exclusive. One such piece of evidence is the fact that stress caused by mutation of glycolytic genes can be abrogated by addition of glycolytic intermediates downstream of the block in the glycolytic pathway. For example, stress in pgi mutants (which accumulate G6P) is rescued by addition of fructose-6-phosphate, which presumably allows glycolysis to continue, despite the presence of another sugar-phosphate (158, 159) . Stress can similarly be induced by other glycolytic mutations such as pfk (which leads to accumulation of fructose-6-phosphate) and fda (which leads to fructose-1,6 bisphosphate accumulation), and stress can likewise be alleviated by supplying other downstream glycolytic compounds (158, 161) . Perhaps the most telling evidence to date was reported by a recent study that showed addition of glycolytic compounds, such as G6P, also rescues an sgrS mutant from stress caused by αMG (160). Significantly, G6P and other compounds rescued growth of an sgrS mutant during stress even when αMG6P was still present in cells (160) . Taken together, these studies strongly support a role of glycolytic intermediate depletion, and not toxicity of accumulated sugar-phosphates, as the underlying metabolic cause of glucose-phosphate stress. This appears to be true regardless of whether stress is induced by mutational block or a nonmetabolizable glucose analog; in either case, bypassing the metabolic block (e.g., by adding back those intermediates) aids in recovery from stress (158) (159) (160) .
While glycolytic depletion contributes to glucosephosphate stress, the offending molecule has not yet been identified. Nevertheless, some findings implicate later glycolytic intermediates in stress. In contrast to upstream glycolytic intermediates, adding pyruvate during αMG stress is lethal to an sgrS mutant, and ectopic expression of PpsA, the phosphoenolpyruvate (PEP) synthetase that converts pyruvate to PEP, rescues an sgrS mutant from this fate (160) . This finding suggests that the balance of PEP-pyruvate levels in the cell may play an important role in the stress response. This would not be surprising, as PEP directly connects glycolysis and PTS transport. The glycolytic block during glucosephosphate stress is expected to decrease the intracellular PEP concentration, since PEP is used to drive sugar transport via the PTS and the block prevents PEP regeneration through metabolism. Thus, glucose-phosphate stress-associated growth inhibition could conceivably be caused by PEP depletion (152) .
Escherichia coli Spot 42 regulates carbon metabolism and catabolite repression
Spot 42 is one of the first identified and best-characterized bacterial sRNAs. While growth defects resulting from Spot 42 overexpression have been appreciated for decades, it was in 2002 that a regulatory mechanism was first characterized (162) . Even more recently, it has been recognized that Spot 42 plays a much larger, global role in regulating metabolism.
Spot 42 was first found to regulate expression of galK, which, along with galE and galT, is part of an operon that encodes products required for catabolism of the sugar galactose. Spot 42 was demonstrated to act by the relatively common sRNA mechanism of inhibiting galK mRNA translation by base pairing with and obstructing the RBS (162). However, Spot 42 has little to no effect on the translation of galE and galT, and is thus said to mediate discoordinate regulation of the operon. This differential regulation is thought to have a particular physiological function dependent on the availability of certain carbon sources (162) . When galactose is provided as the carbon source, Spot 42 expression is inhibited and the entire gal operon is expressed since all its products are required for galactose catabolism (162) . When the preferred carbon source glucose is present, cells engage in catabolite repression, inhibiting expression of genes encoding catabolic pathways for other, less preferred carbon sources. However, GalT and GalE must still be expressed in the presence of glucose because they have a second function in synthesizing precursors for lipopolysaccharide biosynthesis (163), while GalK is not required for this function. Thus, when expressed in the presence of glucose, Spot 42 inhibits translation of nonessential galK while permitting needed expression of the galE and galT mRNA (162) .
Since the initial characterization of its role in galactose utilization, the Spot 42 regulon recently has expanded to include an astounding array of targets involved in carbon and secondary metabolism, catabolite repression and redox metabolism (164) . This discovery is consistent with previous regulatory and phenotypic connections of Spot 42 to other aspects of cell physiology. For example, when ectopically overexpressed from a multicopy plasmid, Spot 42 leads to a variety of growth defects, including decreased colony size on rich media, a growth lag when subcultured from minimal into rich media, and increased generation time when grown with various carbon sources (165) . Clearly, such phenotypes must be attributed to regulatory effects beyond those on galactose utilization. An additional connection of Spot 42 to carbon catabolite repression has long been known: CRP (cAMP receptor protein) repressed transcription of Spot 42. This regulation is consistent with the role of Spot 42 in galactose utilization. CRP is most active in the absence of glucose (when its co-activating molecule cAMP is highest), when Spot 42 is not required for discoordinate regulation of the gal operon (166, 167) . In contrast, cells grown with glucose (i.e., when cAMP levels are low and CRP is inactive) or in the absence CRP have increased Spot 42 levels and, therefore, discoordinate expression of the gal mRNA (162, 163, 168, 169) .
Beyond these initial observations, a new view of Spot 42 as a global regulator of multiple aspects of metabolism was discovered through microarray analysis (164) . When cells are grown with glucose as a carbon source, Spot 42 is produced and decreases expression of transcripts encoding a wide variety of functions, including central and secondary metabolism (e.g., gltA, which encodes citrate synthase, and maeA, which contributes to malate catabolism), transport and catabolism of alternative carbon sources (e.g., srlA, which encodes part of the glucitol-sorbitol transporter, and fucI, which aids in fucose catabolism), and redox metabolism (e.g., sthA, which aids in the oxidation of NADPH) (164) . Gene expression changes for these potential Spot 42 targets were confirmed with lacZ translational fusions, and Spot 42 was found to inhibit translation of several targets via specific base pairing (164) . Reinforcing the connection of Spot 42 to catabolite repression, many of these targets are also known to be activated by CRP during growth without glucose. While wild-type Spot 42 expression during growth with glucose inhibits target expression, a mutant lacking Spot 42 displays increased (or "leaky") expression of srlA and fucI (164) . Based on these observations, Beisel and Storz proposed that Spot 42 and CRP form a regulatory multioutput feed-forward loop in which both protein and sRNA differentially regulate (increase and decrease, respectively) the same targets, while at the same time CRP represses transcription of Spot 42 (164) . Therefore, during growth in glucose, target gene transcription is reduced (due to low CRP activity), and expression is decreased even further posttranscriptionally by Spot 42. The Spot 42-mediated reduction in leaky expression of genes not required during growth in glucose could in theory increase metabolic efficiency and energy conservation energy use (164) .
Pseudomonas aeruginosa CrcZ regulates carbon catabolite repression
CrcZ, a regulator of an atypical type of carbon catabolite repression system in Pseudomonas aeruginosa, is representative of the diversity of regulatory roles sRNAs play in gram-negative bacterial metabolism. While recent findings have made the precise regulatory role of this sRNA unclear (as discussed below), CrcZ does appear play a part in regulating carbon source utilization. Compared to wild-type P. aeruginosa, crcZ mutants exhibit growth defects on carbon sources like fructose, gluconic acid, and glycerol, as well as amino acids like D-alanine and L-lysine (170) . Pseudomonas catabolite repression differs from the E. coli paradigm because glucose is not the preferred carbon source. Rather, TCA cycle intermediates such as citrate and succinate are preferentially used over glucose, other sugars, and amino acids (171) (172) (173) (174) . In Pseudomonas species, carbon catabolite repression is not mediated by CRP, but rather through the protein Crc (175) (176) (177) . Crc was thought to act by binding and repressing translation of mRNA targets related to alternative carbon source transport and catabolism, thus allowing use of preferred carbon substrates (178) (179) (180) . However, studies by the Bläsi lab have challenged this notion, noting that apparent RNA binding properties of purified Crc were due to the contamination of preparations with the RNA-binding protein Hfq; Crc failed to bind RNA upon further purification (181, 182) . Moreover, structural and in vitro activity analyses of Crc have revealed that it does not display any RNA-binding activity (181) . Recent findings suggest that Crc acts by supporting regulation mediated by Hfq, which is a major regulator of carbon catabolite repression in P. aeruginosa (183) . For example, Hfq represses translation of target mRNA amiE by binding to A-rich RBS sequences. Crc was shown to be required for complete regulation of amiE (and other carbon catabolite repression targets) by Hfq (183) . Although its mechanism of action remains uncertain, it is clear that Crc exerts effects on gene expression in various Pseudomonas species, as crc mutants exhibit changes in expression of a wide array of genes related to carbon catabolism (e.g., catabolite repression of some carboxylic acids), type IV pili formation, and resistance to stress (175, 178, (184) (185) (186) .
While an RNA-binding mechanism for the Crc protein is no longer certain, the sRNA CrcZ does appear to regulate the activity of Crc itself. When Pseudomonas species are grown in the presence of non-preferred carbon sources (e.g., mannitol), the two-component system CbrA-CbrB and the alternative sigma factor RpoN help activate transcription of crcZ (170) . CrcZ then inhibits Crc protein activity, which permits expression of genes required for alternative carbon source utilization (170) . In contrast, crcZ expression is low on preferred carbon sources like succinate, allowing Crc to inhibit expression of genes for alternative carbon source catabolism. CrcZ was recently demonstrated to bind strongly to Hfq itself, and appears to sequester Hfq and prevent regulation by Hfq on other targets (183) . In sum, a novel sRNA (CrcZ) exerts an analogous effect on carbon catabolism as Spot 42 in E. coli, underscoring the commonalities in regulation of carbon source utilization by sRNAs in gramnegative bacteria.
Unlike P. aeruginosa, which only possesses CrcZ, at least two Pseudomonas species (P. putida and P. syringae) have an additional sRNA regulator of carbon catabolism (CrcY and CrcX, respectively) (187, 188) . CrcY of P. putida is functionally redundant with CrcZ, as mutation of both genes is required to abolish sRNA regulation of Crc-mediated catabolite repression (187) .
sRNAs Regulating Amino Sugar Metabolism Escherichia coli GlmY and GlmZ sRNAs discoordinately regulate amino sugar metabolism
In a manner reminiscent of Spot 42, the sRNAs GlmY and GlmZ engage in discoordinate post-transcriptional regulation of genes encoded on a single transcript. GlmY/Z regulate expression of glmUS, which encode important enzymes needed, respectively, for synthesis of the amino-sugars uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) and glucosamine-6-phosphate (GlcN-6-P), both of which are precursors for the synthesis of cell wall peptidoglycan and lipopolysaccharide (189) (190) (191) (192) (193) . Discoordinate expression is required because while GlmU is needed constitutively to synthesize UDPGlcNAc, GlmS is only needed to synthesize GlcN-6-P if an external source of amino sugars is unavailable (in which case fructose-6-phosphate is rerouted from glycolysis to GlmS) (189) (190) (191) (192) (193) .
The glmUS mRNA is unstable because it is targeted by RNase E, which cleaves the transcript at the site of the glmU stop codon (189, 190) . In the absence of GlcN-6-P (i.e., when GlmS is needed to synthesize GlcN-6-P), the sRNA GlmZ helps to stabilize the glmS transcript and allow its translation by binding the 5′ UTR and unmasking the RBS, which is otherwise obfuscated by an internal hairpin structure that inhibits translation (191) (192) (193) . However, GlmZ activity is controlled by the adaptor protein RapZ, which promotes RNase E-mediated degradation of GlmZ (194) . RNase E removes the 3′ region of GlmZ, which is required for base pairing with the glmS transcript (193, 194) . The second sRNA, GlmY, counteracts degradation of GlmZ by RNase E by acting as a "decoy." GlmY is very similar in sequence to GlmZ, and it stabilizes GlmZ indirectly, by binding to and sequestering RapZ and preventing its targeting of GlmZ to RNase E (191, 193, 194) . In the absence of GlcN-6-P, GlmY levels increase, stabilizing full-length GlmZ when its action is required. In sum, the two sRNAs are part of a regulatory hierarchy with one metabolic goal: increase expression of the glmS mRNA and thus synthesis of the amino sugar GlcN-6-P under conditions where exogenous GlcN is not available.
sRNAs Regulating Amino Acid Metabolism Escherichia coli GcvB and amino acid transport and metabolism
GcvB, a global regulator of amino acid metabolism and transport in E. coli and other gram-negative bacteria, exhibits two unusual features for a trans-acting sRNA. First, base pairing contributes to but is not the only mechanism of regulation by GcvB. GcvB was named as such because its expression is in E. coli regulated by GcvR and GcvA, transcriptional regulators of genes involved in glycine cleavage (195) . However, GcvB was found not to regulate expression of glycine cleavage genes. Rather it was first identified as an inhibitor of expression of oppA and dppA, encoding periplasmic binding proteins that are part of, respectively, oligopeptide and dipeptide transport systems. gcvB mutants exhibit increased, constitutive expression of OppA and DppA, even during growth in rich medium (i.e., when their expression is normally repressed) (195) . Intriguingly, while GcvB regulates translation of oppA and dppA transcripts at least in part through specific base pairing, it does not fully explain regulation of these targets (195, 196) . While some mutations in predicted base-pairing regions of GcvB affected oppA and dppA translation, others did not affect expression (196) . Also, where effects on expression were observed, compensatory or complementary mutational changes in oppA and dppA mRNAs restored regulation of oppA but not dppA by GcvB (196) . Thus, while base pairing undoubtedly contributes to translational inhibition by GcvB, it is apparent that a more complex regulatory mechanism exists or that other factors are involved.
A second unusual feature of GcvB was identified in its regulation of another target, cycA, which encodes a transporter of the amino acids glycine, serine, and D-alanine. While CrcZ and CrcY of pseudomonads exemplify two different sRNAs with functional redundancy, GcvB regulation of cycA demonstrates redundancy within the same sRNA molecule (197, 198) . Two separate regions of GcvB exhibit complementarity with cycA mRNA, and either region is sufficient to repress cycA translation; only mutations in both base-pairing regions of gcvB resulted in significant loss of cycA regulation (198) .
GcvB is highly conserved among enteric bacteria and is also found in other gram-negative bacteria such as members of the Vibrionaceae (199) (200) (201) . Interestingly, as with Spot 42, genomic studies have recently extended the regulatory function of GcvB to a global scale in S. Typhimurium, with GcvB potentially exerting a posttranscriptional regulatory effect on as much as 1% of the genome (approximately 45 genes) (202) . Contributing to this broad regulatory ability is a highly conserved, G/ U-rich region (199, 202) . Experiments using complementarity predictions and gfp reporter fusions revealed that the GcvB regulon in S. Typhimurium extends to more than 20 direct targets, some of which are previously unrecognized transcripts involved in amino acid and cofactor transport and metabolism. These targets include serA (which encodes the enzyme of the first step in L-serine synthesis), gdhA (encoding an NADP glutamate dehydrogenase), tppB (encoding a putative tripeptide transporter), lrp (encoding the global regulator of amino acid metabolism and other functions), and ndk (encoding a nucleoside diphosphate kinase) (202) .
Escherichia coli RybA regulates aromatic acid synthesis during peroxide stress
The sRNA RybA was identified in 2001 by Wassarman, et al., but a regulatory function was not characterized until more than a decade later (203, 204) . RybA is noteworthy in part because it regulates amino acid metabolism, but only under particular environmental conditions. Specifically, it regulates expression of genes involved in biosynthesis of aromatic amino acids. However, as with SgrS, this metabolic regulation has only been observed under conditions of stress (in this case, resulting from peroxide or cold shock) (204) . In a rybA mutant grown under peroxide stress, levels of several mRNAs encoding functions involved in aromatic metabolism (such as shikimate kinase-encoding aroL, chorismate mutaseencoding tyrA, and yliL, a gene of unknown function that overlaps the rybA gene) are significantly increased (204) . The regulation of these genes by RybA requires TyrR, a transcriptional regulator of many genes required for aromatic amino acid transport and biosynthesis. Moreover, many of the potential RybA targets are also regulated by TyrR (204) . The mechanism of RybA regulation has not been determined, but given their overlapping regulons, RybA is posited to work by regulating synthesis or activity of TyrR (204) .
Although not yet clear, Gerstle et al., suggest that RybA inhibition of aromatic amino acid biosynthesis might connect to peroxide stress by affecting available levels of chorismate, which is needed for ubiquinone and enterobactin synthesis. Ubiquinone helps protect the cell membrane during oxidative stress, while enterobactin is an iron siderophore whose production could have a negative impact on cells under oxidative stress (204) .
Aar regulates amino acid metabolism in Acinetobacter baylyi
While the vast majority of sRNA work has focused on enterics (particularly E. coli and S. Typhimurium), some studies have begun to shed light on sRNA regulation of metabolism in other gram-negatives, including the gamma-proteobacterium Acinetobacter baylyi (order Pseudomonales). Identified by bioinformatics, the sRNA Aar is located in the intergenic region between trpS and sucD. Based on Northern blot analysis, overexpression of Aar caused an increase in transcript levels of seven genes related to functions such as branched chain amino acid metabolism (ilvI, fadA, and leuC), pyruvate metabolism (ppc), and nitrogen fixation (glnE) (205) . Aar levels vary depending on nutritional and environmental conditions (205) , but the regulatory mechanisms controlling Aar synthesis have not been uncovered. While mechanisms of Aar-mediated regulation of target genes have likewise not yet been determined, Hfq appears to affect the stability and/or processing of Aar, as a second, smaller transcript is present in an hfq mutant when Aar is detected by Northern blot (205) .
sRNAs Regulating Metal Homeostasis Regulation of iron homeostasis by Escherichia coli RyhB
RyhB is one of a handful of sRNAs for which a definitive metabolic function has been extensively characterized: it helps E. coli regulate iron homeostasis, in large part by inhibiting translation of mRNAs encoding non-essential iron-containing enzymes under iron starvation conditions in order to free up iron for essential cellular functions. RyhB also increases expression of targets involved in synthesizing siderophores, low molecular weight iron chelators that help cells scavenge iron during growth in iron-depleted environments. RyhB has long been known to be essential to iron homeostasis; ryhB mutants have a much longer lag phase compared to wild-type E. coli when transferred to iron-limited media (48) .
Iron is an essential and limiting nutrient for organisms growing in many natural environments. Acquisition of sufficient iron is particularly difficult for microbial cells growing in aerobic and neutral aqueous environments, where metabolizable forms of iron can be in short supply (206, 207) . The same is true for many pathogens growing in host organisms, because many hosts sequester their iron stores to inhibit growth of invading microbes. Both RyhB and the ferric uptake regulator (Fur) transcription factor play important, complementary roles in regulating expression of E. coli genes under iron starvation conditions. In fact, RyhB was initially described over a decade ago as a regulatory target of Fur (48) . Fur is the major regulator responsible for sensing and responding to changes in iron availability, not just in E. coli but other gram-negative species such as Pseudomonas, Bordetella, and Yersinia. Fur is actually a transcriptional repressor of genes needed during iron starvation. When iron concentrations are high, Fur binds to the corepressor ferrous (Fe 2+ ) iron and inhibits transcription of a regulon of more than 50 genes, for example many that are required for synthesis of high affinity iron acquisition systems as well as ryhB. Under iron-limiting conditions (i.e., lower Fe 2+ corepressor availability), the inactive Fur apoenzyme derepresses genes in the Fur regulon, including ryhB. RyhB then inhibits expression of an impressively wide array of targets both directly and indirectly; a genomic microarray analysis examining the effects of ectopically expressed RyhB identified 56 genes as potential targets of RyhB regulation (1, 208) .
Transcripts that are confirmed targets directly inhibited by RyhB include many encoding non-essential, iron-requiring proteins. For example, RyhB directly inhibits translation of sdhCDAB (encoding the iron-containing TCA cycle enzyme succinate dehydrogenase) and sodB (encoding the iron-dependent superoxide dismutase) mRNAs (48, 209, 210) . RyhB acts through direct base pairing interactions with sequences in the RBS regions of sdhD and sodB, inhibiting translation and resulting in degradation of the mRNAs. RyhB likewise inhibits translation of several other mRNAs encoding nonessential, iron-using enzymes, including TCA cycle members fumarase (fumA), fumarate reductase (frdABCD), and aconitase (acnA and acnB) and respiratory proteins encoded by nuo and fdo (48, 208) . RyhB-dependent inhibition of the synthesis of these iron-containing proteins frees up iron for essential ironutilizing enzymes, an effect referred to as "iron sparing."
RyhB has a positive effect on expression of other targets, both indirectly and directly. For example, RyhB indirectly increases expression of genes involved in the biosynthesis of the siderophore enterobactin through an indirect mechanism. Iron-depleted conditions lead to derepression of transcription of the entCEBAH genes required for enterobactin synthesis (211) . However, ryhB is also required for normal regulation of enterobactin biosynthesis, as evidenced by the fact that ryhB mutants produce less enterobactin compared to wildtype E. coli (212) . Reduced production of enterobactin in ryhB mutants is caused by at least two separate effects: 1) a still-uncharacterized mechanism causes a decrease in entCEBAH transcription, and 2) RyhB indirectly increases levels of L-serine (required for enterobactin biosynthesis) by directly repressing translation of cysE mRNA (212) . CysE consumes L-serine to synthesize cysteine, reducing the amount of L-serine available for enterobactin biosynthesis. Thus, it has been suggested that RyhB-dependent inhibition of cysE frees up L-serine for use in enterobactin synthesis during iron starvation (212) . Supporting this notion, enterobactin production in the ryhB mutant was increased by either mutation of cysE or by supplying an extracellular source of serine (212) . Direct, positive regulation by RyhB has so far been reported for only one target, shiA mRNA, which encodes a permease required to bring shikimate, an enterobactin precursor, into the cell (24) . The 5′ UTR of shiA mRNA contains a secondary structure that occludes the RBS, repressing translation (24) . Under iron-depleted conditions, RyhB acts by base pairing with the 5′ UTR, freeing up the RBS to allow translation and stabilizing the shiA transcript (24) . Taken together, these findings demonstrate that RyhB acts through multiple direct and indirect mechanisms to enhance siderophore biosynthesis (and thus iron scavenging) under iron-limited conditions.
PrrF1 and PrrF2 regulate iron homeostasis in Pseudomonas aeruginosa
As with E. coli RyhB, the sRNAs PrrF1 and PrrF2 (named for Pseudomonas regulatory RNA involving iron) play an essential role in the response of Pseudomonas aeruginosa to iron starvation (213) (214) (215) . Remarkably, despite similar regulatory effects, the sequence of the PrrF sRNAs is not similar to that of RyhB (214) . Bioinformatic analyses based on sequence similarity have uncovered potential RyhB orthologs within the Enterobacteriaceae family but not in other gramnegative bacteria (48) . The lack of RyhB homologs spurred a bioinformatic search for sRNAs potentially involved in P. aeruginosa iron homeostasis. This search identified PrrF1 and PrrF2, which are encoded in tandem in an intergenic region (214) . The two sRNAs share more than 95% identity with each other and have been demonstrated to play RyhB-like roles in P. aeruginosa iron scavenging and homeostasis (214) . Both the prrF1 and prrF2 genes have Fur-binding elements located upstream, and their expression is induced under ironstarved conditions (214) . While the exact regulatory mechanisms have not been determined, deletion of both prrF genes results in increased mRNA levels of several potential target transcripts, and predicted base-pairing interactions have been identified. These mRNA targets include nonessential iron-containing enzymes encoded by sdh and sodB (both also E. coli RyhB targets), as well as bfrB, which encodes a subunit of the iron storage protein bacterioferritin mRNAs (214) . While other potential roles of the PrrF sRNAs have not yet been characterized, their expression is repressed by both Fur and heme (215) . Intriguingly, a longer transcript, termed PrrH, has recently been described and consists of both PrrF1, PrrF2, and their intergenic region (215) . PrrH appears to regulate targets of PrrF1 and PrrF2 (including sdhD), and also may inhibit expression of novel targets including two (nirL and thiE) involved in the biosynthesis of heme (215) .
REGULATION OF SECONDARY METABOLISM AND VIRULENCE BY SRNAS
Carbon Storage, Motility, Biofilm Formation, and Membrane Composition sRNAs link metabolism to motility and biofilm formation in E. coli and other enterics
In addition to extensive roles in regulating primary metabolism, sRNAs have been shown in E. coli and related species to control complex regulatory circuits coordinating metabolism with behaviors such as motility and biofilm formation. Three noteworthy targets of sRNAs are major regulators of these processes: FlhDC, CsrA, and CsgD. flhDC encodes the master transcriptional activator of flagellar biosynthesis. The global regulator CsrA (carbon storage regulator) is a key coordinator of transitions between motile and sessile (biofilm) lifestyles, regulating expression of genes involved in carbon storage and production of flagella and biofilm matrix, among others. The LuxR superfamily transcription factor CsgD likewise regulates expression of genes involved in biofilm formation, flagellar production, and curli fimbriae synthesis and assembly. We will focus on the regulation of carbon storage, motility, and biofilm formation by the sRNAs CsrB and CsrC, McaS, and OmrA and OmrB.
Regulation of carbon storage and motility by sRNAs CsrB and CsrC
The global protein regulator CsrA, central to modulating metabolic and motile to sessile transitions in E. coli (77, 216) , is itself regulated by two sRNAs called CsrB and CsrC. CsrA is an RNA-binding regulatory protein that represses translation of certain genes, including the operon pgaABCD, which encodes products necessary for the synthesis of the polysaccharide poly-β-1,6-Nacetyl-d-glucosamine (PGA), a component of the extracellular matrix in many gram-negatives that mediates cell-to-cell and cell-to-surface adhesion in biofilms (217, 218) . CsrA represses pgaA translation by binding to the pgaA mRNA leader sequence, and hindering ribosome access to the RBS as well as destabilizing the pgaABCD transcript (219, 220) . Autoregulation of csrA mRNA occurs through the same translation inhibition mechanism (221) . In addition, CsrA positively regulates expression of some genes involved in active growth and the planktonic motile lifestyle, such as the flhDC operon (219, 220, 222) . Activation by CsrA is less understood, but in the case of flhDC occurs via CsrA protection of flhDC mRNA from cleavage by RNase E (223). CsrAmediated stabilization of flhDC mRNA results in increased translation of the message (222) (Fig. 1) . Independent of the regulatory outcome, CsrA-regulated transcripts each contain between one and six CsrA binding sites (224) consisting of a GGA motif located in the loop of a hairpin structure (225) . Structural studies demonstrated that CsrA and CsrA homologs act as homodimers with RNA binding regions on opposite sides of the dimer (226) .
In E. coli, two homologous sRNAs, CsrB and CsrC, possess CsrA binding sites that allow them to bind and sequester CsrA, thus preventing it from binding to its mRNA targets. CsrB is a 336-nt sRNA that was first identified in E. coli in 1997, when it was co-purified with CsrA (227) . Remarkably, CsrB contains 22 predicted GGA motifs that can bind and sequester ∼9 CsrA homodimers simultaneously (227) . The 245-nt CsrC sRNA, was identified as a homolog of CsrB and sequesters CsrA in a similar fashion, although CsrC contains only nine GGA motifs for CsrA binding (228) .
CsrB and CsrC sRNAs are regulated at the levels of synthesis and stability. Transcription of csrB and csrC is activated by the two-component system BarA-UvrY. The BarA sensor kinase and UvrY response regulator are activated by formate and acetate (229) , thus connecting CsrB and CsrC synthesis to metabolic changes in the cell (230) . UvrY induces CsrB and CsrC at the onset of stationary phase (228, 230) . The protein CsrD controls the stability of CsrB and CsrC by increasing their rate of RNase E-mediated degradation (231) , although the underlying mechanism is not understood.
Orthologs of CsrA and its antagonizing sRNAs (CsrB orthologs) are found in other gram-negative bacteria (231) (232) (233) (234) . RsmA, a CsrA ortholog in Pseudomonas species, regulates both conserved and novel mRNA targets involved in carbon storage, quorum sensing, virulence, and antifungal metabolite synthesis (76, 235, 236) . RsmA is sequestered by three functionally redundant sRNAs: RsmX, RsmY, and RsmZ. Two sRNAs, RsmY and RsmZ, are broadly distributed among pseudomonads, while RsmX is only found in a few species (236, 237) . All three sRNAs are ∼120 nt in length and contain between 6 and 8 GGA motifs (236, 238, 239) . Synthesis of RsmX, RsmY, and RsmZ is controlled by the two-component system GacS-GacA responsible for pathogenicity and production of antimicrobial compounds in pseudomonads (240, 241) . GacS-GacA shares sequence similarity with the E. coli BarA-UvrY and performs the similar function of inducing synthesis of sRNAs that sequester a global post-transcriptional regulator of secondary carbon metabolism.
Regulation of E. coli motility and biofilm formation by the multifunctional sRNA McaS An E. coli sRNA, McaS, was recently found to regulate motility and PGA synthesis by sequestering CsrA in a manner similar to CsrB and CsrC (242) . In addition to its ability to titrate the CsrA protein, McaS also possesses a second function: it regulates mRNA targets outside the CsrB-C regulon, including those required for flagella and curli fimbriae biosynthesis, using a canonical base pairing mechanism (243) .
McaS is a 95-nt sRNA expressed in E. coli in stationary phase, reaching its highest levels in mid-stationary phase, and decreasing significantly in late stationary phase. McaS requires Hfq, both for stability and to exert its regulatory effects. Whether there is competition between Hfq and CsrA for binding to McaS is not clear; this is the first documented case where an Hfq-dependent sRNA also sequesters a protein. Transcription of mcaS is activated by CRP when glucose is limiting (243) .
The secondary structure of McaS resembles that of CsrB and consists of three hairpin structures with highly conserved GGA motifs in the single-stranded loops. A recent study determined that McaS sRNA activates pgaA translation by titrating CsrA protein so it can no longer bind and inhibit pgaA translation (242) (Fig. 1) .
McaS also relieves repression of other CsrA targets such as ydeH, ycdT, and glgC, which enhances biofilm formation and glycogen accumulation (242q). In addition to its protein-binding function, McaS has been shown to post-transcriptionally regulate two mRNA targets, csgD and flhDC, via base pairing interactions. CsgD activates expression of the csgBAC operon coding for structural components, assembly and export of curli fimbriae (244) . CsgD also activates transcription of adrA, which encodes a diguanylate cyclase that synthesizes cyclic di-GMP, a second messenger that stimulates cellulose production and biofilm formation (245, 246) . In addition to initiating curli production, CsgD also directly represses transcription of two flagellar operons (247, 248) . McaS represses csgD by binding to a 16-nt region of the leader sequence of csgD mRNA, resulting in translation inhibition (243) . Unlike the majority of sRNAs, McaS pairs far upstream of the csgD RBS and start codon and thus could not interfere directly with ribosome binding, suggesting an alternate mechanism of regulation (243) .
While McaS inhibits curli formation via repression of CsgD synthesis, it exerts a positive effect on flagellar synthesis by increasing translation of flhDC. The 198-nt leader sequence of the flhDC mRNA is predicted to form a secondary structure that sequesters the RBS and reduces translation. Cooperative base pairing of McaS at two distinct sites in the flhDC leader is thought to increase translation by preventing formation of this secondary structure (243) .
The proposed physiological role for McaS is in modulating the transition from a motile to a sessile lifestyle as cells progress through stationary phase. Early in the stationary phase as bacteria seek nutrients whose levels are diminishing, McaS enhances motility by activating synthesis of the master flagellar regulators FlhDC. However, during mid-stationary phase when McaS levels reach their peak, McaS antagonizes CsrA activity so that CsrA-regulated genes such as pgaA and glgC are depressed, allowing the transition to a sessile lifestyle in a biofilm (242) .
Many layers of transcriptional and post-transcriptional control of csgD and flhDC make the overall regulation very complex (Fig. 1) . The global transcription factor CRP controls transcription of mcaS and its targets, flhDC and csgD. The CRP-McaS-flhDC circuit forms a feedforward loop where CRP activates flhDC directly by binding to its promoter and indirectly through activation of mcaS transcription (243) (Fig. 1) . In contrast, the CRP-McaS-csgD regulatory circuit forms an "incoherent" feedforward loop, since CRP activates csgD and mcaS transcription while McaS represses csgD translation (Fig. 1) . Regulation of csgD mRNA is further complicated by the involvement of the sRNAs OmrA and OmrB (discussed below), as well as GcvB and RprA, all of which are predicted to bind the same region of csgD mRNA as McaS (243) . Likewise, translational control of flhDC is complex, with repression by OmrA, OmrB, ArcZ and OxyS sRNAs (249) .
Regulation of E. coli outer membrane proteins and curli fimbriae by the sRNAs OmrA and OmrB
In addition to McaS, two homologous E. coli sRNAs, OmrA and OmrB, exhibit functionally redundant regulation of motility and biofilm formation, as well as of distinct targets that encode outer membrane (OM) proteins. OmrA and OmrB (OmpR regulated sRNAs A and B) are, respectively, 88 nt and 82 nt in length and encoded tandemly in the aas-galR intergenic region (250) . This arrangement is retained in most but not all Enterobacteriaceae (250) . The first 21 nt and last 35 nt of OmrA and OmrB sRNAs are nearly identical and well conserved among enteric bacteria (250) . The highly conserved 5′-ends of OmrA and OmrB are responsible for base pairing with all known mRNA targets of these sRNAs (44, (249) (250) (251) . Transcription of omrA and omrB is activated by the EnvZ-OmpR two-component system, in which EnvZ is a kinase that senses high osmolarity and changes in OM composition, leading to activation of the response regulator OmpR (251) . Stability of OmrA and OmrB is dependent on Hfq (203, (250) (251) (252) .
OmrA and OmrB regulate csgD and flhD mRNAs, inhibiting translation and destabilizing both transcripts (44, 249) . As with McaS, pairing of OmrA and OmrB with csgD occurs substantially upstream (∼50 nt) from the RBS, suggesting an indirect mechanism of translation inhibition (44) . In addition to these targets, OmrA and OmrB repress translation of mRNAs encoding the OM protease OmpT and three TonB-dependent OM receptors CirA, FepA, and FecA (250) . OmrA and OmrB base pair near the RBS and start codon, resulting in translation inhibition and subsequent RNase E-dependent degradation of these target mRNAs (250) .
Interestingly, OmrA and OmrB also indirectly regulate their own transcription by base pairing with ompR mRNA and inhibiting its translation (251) . Thus, OmrA and OmrB form a feedforward loop by inhibiting csgD both directly (by base pairing) and indirectly by inhibiting OmpR, a transcriptional activator of csgD (Fig. 1) . In contrast, an incoherent feed-forward loop is formed by OmrA and OmrB direct inhibition of flhDC and indirect activation of the same, via ompR repression (Fig. 1) . Together, the two redundant sRNAs OmrA and OmrB modulate the composition of the outer membrane and regulate production of higher order structures such as flagella and curli fimbriae in E. coli and other enteric gram-negative bacteria.
Quorum Sensing
Regulation of quorum sensing by Qrr sRNAs in Vibrio harveyi and Vibrio cholerae Homologous, redundant Qrr (quorum regulatory RNA) sRNAs are central to quorum sensing in Vibrio species. Quorum sensing is a mechanism by which bacteria indirectly sense population density (or diffusion properties of their environment) (253, 254) via sensing concentrations of self-produced secondary metabolites known as autoinducers (Fig. 2) (255, 256) . The quorum-sensing and signal-transduction system causes changes in gene expression resulting in changes in cell physiology or behavior that give individual cells or the population an advantage under specific conditions (255, 257). In gramnegative bacteria, the autoinducers (AIs) produced are typically acyl-homoserine lactones (AHLs) or molecules derived from S-adenosylmethionine (SAM). The marine bacterium and human pathogen V. cholerae produces two different AI signaling molecules synthesized from SAM: CAI-1 produced by the CqsA enzyme and AI-2 made by the highly conserved LuxS (255, 257). CAI-1 and AI-2 are recognized by their respective receptors found in the bacterial cell membrane (Fig. 2) . Both receptors function as kinases in the absence of ligand binding, which results in phosphorylation of the response regulator LuxO through the phosphorelay protein LuxU. Phosphorylated LuxO (LuxO∼P), together with the alternative sigma factor σ 54 , activates transcription of four homologous sRNAs, called Qrr1-4 (258) . Therefore, Qrr1-4 sRNAs are not made at high cell density when AIs are abundant, but are produced in high amounts at low cell density when signal molecules are scarce (Fig. 2) .
The Qrr sRNAs are highly conserved Hfq-dependent sRNAs found in most sequenced Vibrio species (258) . In V. cholerae, four Qrr sRNAs act redundantly to posttranscriptionally activate the master regulator of low cell density genes, AphA, by pairing with the aphA mRNA leader sequence to promote translation. In addition, with the help of Hfq, Qrr1-4 base pair in the 5′ UTR of the hapR mRNA, encoding a master regulator of high cell density genes, to repress its translation (259) (260) (261) . Analogous to the V. cholerae quorum-sensing system, V. harveyi encodes five Qrr homologs (Qrr1-5), that when induced at low cell density, activate AphA (260), and repress HapR ortholog LuxR (261, 262) (Fig. 2) .
By inversely regulating AphA and HapR expression, Qrr RNAs indirectly affect expression of hundreds of genes involved in modulating V. cholerae physiology and behaviors such as virulence, biofilm formation, and cell defenses. For example, at low cell density, AphA activates production of ToxT, which in turn regulates a multitude of virulence genes, whereas HapR repression allows expression of genes for biofilm formation. Recently, Qrr1-4 were shown to repress expression of Type VI secretion system (T6SS) genes by a negative feedforward mechanism. The sRNAs indirectly inhibit T6SS by repressing the T6SS activator HapR. Simultaneously, Qrr1-4 repress a subset of T6SS genes through direct base pairing interactions with mRNAs (263) .
It has been noted that feedback loops and autoregulation are common features among many components of this system. For example, in addition to being inversely regulated by Qrr1-4 sRNAs, AphA and HapR FIGURE 2 Quorum sensing systems of Vibrio cholerae. V. cholerae uses histidine kinases CqsS and LuxPQ to sense autoinducers (AIs) CAI-1 (violet triangle) and AI-2 (orange triangle) respectively. Receptors function as kinases at low cell density (LCD), when concentrations of CAI-1 and AI-2, which are produced by CqsA and LuxS, respectively, are low. This stimulates σ 54 -dependent activation of qrr gene expression through LuxU and LuxO phosphorylation cascade. The Qrr 1-4 sRNAs (red square), facilitated by Hfq, activate aphA, which stimulates expression of toxT, a known activator of the major virulence factors. Additionally Qrr 1-4 repress hapR, which leads to polysaccharide production and biofilm formation. Qrr 1-4 also negatively regulate genes for biogenesis of type VI secretion system (T6SS). In contrast, at high cell density (HCD) receptors sense the presence of AIs and function as phosphatases that stimulate dephosphorylation of LuxU, resulting in cessation of qrr expression. In the absence of Qrr sRNAs, hapR expression increases, which leads to the inhibition of biofilm formation and shut down of virulence factor production, while stimulating T6SS biosynthesis. Lines with arrowheads indicate activating interactions, and lines with blunt ends indicate inhibitory interactions. doi:10.1128 /microbiolspec.MBP-0009-2014.f2
repress each other's transcription (260) , while HapR also autoregulates its own expression. Besides autorepression, LuxO∼P is negatively regulated by Qrr1-4 at the post-transcriptional level (264) . Such redundancy in Qrr sRNA control, together with complex feedback loops at numerous branch points establish a highly responsive regulatory system that ensures precise timing of behaviors controlled by quorum sensing (260, 261, (264) (265) (266) (Fig. 2) . More specifically, this system enables V. cholerae to form biofilms and replicate at low cell density within the host, until bacteria accumulate to high cell density, at which point Qrr sRNAs inhibit virulence and biofilm genes to facilitate dispersal back into the environment.
Oxidative Stress and Acid Resistance
A function of RaoN sRNA in mediating Salmonella intramacrophage survival RaoN is an sRNA that was recently discovered in Salmonella to confer resistance to oxidative stress and survival during infection (267) . Salmonella pathogenesis initiates with penetrating the gut barrier through the M cells found in the Peyer's patches of the intestine. The bacteria then infect phagocytes, and after surviving harsh conditions of nutrient limitation, reactive oxygen and nitrogen species produced by phagocytes, can disseminate to cause a systemic infection (268) . Salmonella virulence depends on the stress response and invasion systems encoded by the genes within the 11 pathogenicity islands (SPIs) of the Salmonella genome (269, 270) . SPI-11 contains genes important for Salmonella survival in macrophages (267, 271, 272) and was recently shown to encode an sRNA, RaoN. RaoN is ∼200 ntlong, is stabilized by Hfq, and is encoded in the intergenic region between SPI-11 genes cspH and envE (267) . It was first identified in a global transcriptomic analysis of cells growing under the conditions of nutrient limitation (minimal medium) and oxidative stress (hydrogen peroxide) that mimic the hostile environment within the macrophage. RaoN transcription is highly induced by this combined treatment, and although less, expression is still observed in response to oxidative stress alone (267) . Disruption of raoN results in high susceptibility to the combined starvation and oxidative stress, and importantly, reduced survival within murine macrophages. RaoN confers stress resistance at least in part by regulating expression of ldhA, encoding lactate dehydrogenase A, which regenerates NAD + via NADH oxidation when converting pyruvate to lactate. LdhA maintains glycolysis and confers resistance to oxidative stress; however, its overexpression is toxic. RaoN negatively regulates ldhA, which seems to maintain appropriate levels of lactate dehydrogenase suited for optimal resistance to oxidative stress inside the macrophage (267) . However, regulation of ldhA only partially accounts for RaoN-mediated intramacrophage survival, strongly suggesting additional contributions of other unknown targets of this sRNA (267) .
GadY sRNA and its role in regulating acid response genes in E. coli GadY sRNA, originally identified as IS183 (273), controls expression of genes involved in glutamatedependent acid resistance in E. coli (9, 274, 275) . Acid resistance is an important property of E. coli (and other enteric bacteria) that allows it to survive the acidity of the mammalian gastrointestinal tract (276, 277) . For example, acid-resistant properties of enterohemorrhagic E. coli serotype O157:H7 are responsible for its low infectious dose, playing a major role in its virulence (278) (279) (280) . One of the systems responsible for extreme acid tolerance in E. coli involves expression of two decarboxylases, namely GadA and GadB, that use glutamate as their substrate to produce γ-aminobutyric acid. This reaction consumes intracellular protons to raise internal pH. An additional component, the antiporter GadC, exchanges γ-aminobutyric acid for extracellular glutamate to replenish its concentrations in the cell. Expression of this glutamate-dependent acid resistance system is regulated by a LuxR-family regulator GadE (281) , and poorly understood AraC-like GadX and GadW regulators (282) . GadX transcriptionally activates GadA and GadB, whereas GadW has an opposing effect, acting as a repressor of the decarboxylases' expression (283).
In the heart of the glutamate-dependent acid resistance system is the Hfq-dependent GadY, encoded within the ∼371 nt gadX-gadW intergenic region and oriented divergently in cis to the 3′ UTR of the gadX gene (9, 284) . GadY is conserved in organisms that possess the gadX-gadW operon, such as closely related E. coli and Shigella, but is absent from most other enteric bacteria (9) . Expression of GadY is dependent on rpoS (σ S ) and highest during stationary phase when bacteria are growing under acidic conditions (9, 275) . Forming a regulatory-feedback loop, GadX is also required for GadY maximal activity (275) . GadX binds in the GadY/ GadW overlapping promoter region, which positively affects transcription of GadY, but inhibits GadW (275) .
Once expressed, GadY positively regulates gadX and gadW at the post-transcriptional level, by pairing with the complementary sequence of the 3′ UTR of gadX within the gadXW polycistronic mRNA. This interaction stimulates RNase III processing downstream from the gadX stop codon, which results in stable gadX and gadW mRNA products (9, 274, 275) . Several species of gadY with sizes 105 nt, 90 nt, and 59 nt were observed and are believed to be the result of endonucleolytic processing, the mechanistic details of which are not known. Still, even the shortest 59-nt GadY fragment was able to promote formation of a stable gadX mRNA (9) . Additionally, it has been noted that GadY-initiated processing of gadXW occurs in the absence of RNase III ribonuclease, at the different nucleotides that are adjacent to the RNase III cleavage sites (274) . The redundant ribonuclease has not been identified (274) ; however, some evidence points towards the involvement of RNase E in this process (284). In conclusion, GadY sRNA positively affects GadX and GadW synthesis at the posttranscriptional level, which then regulate gadA and gadBC to improve E. coli adaptation to acid stress and stationary phase growth.
CONCLUSIONS
It has become abundantly clear in the last 15 years that bacterial sRNAs have pivotal roles in controlling primary and secondary metabolism. For some sRNAs of gram-negative bacteria, molecular mechanisms of regulation have been well characterized (e.g., SgrS, CsrB/C, Qrr1-4), while for others a metabolic function has been ascribed but the underlying regulatory mechanism remains elusive (e.g., Aar, RaoN). For very few sRNAs (e.g., Spot 42 and RyhB) have both aspects-mechanism and role in cellular metabolism-been definitively described. In the future, a more holistic approach integrating mechanism with metabolic function-as well as an understanding of how different sRNAs coordinate variegated aspects of cellular physiology and metabolism among each other-will help illuminate regulation by sRNAs. Moreover, the majority of work has been done in E. coli (and, to a lesser extent, S. enterica). Undoubtedly, with advances in available genomic, transcriptomic, and bioinformatics approaches, a vast diversity of metabolic regulation by sRNAs in other gram-negative bacteria awaits further characterization.
